Social animals often form long-lasting relationships with fellow group members, usually with close kin. In primates, strong social bonds have been associated with increased longevity, offspring survival and reproductive success. However, little is known about the fitness effects of social bonds between non-kin, especially outside of mammals. In this study, we use long-term field research on a cooperatively breeding bird, the greater ani (Crotophaga major), to ask whether adult females benefit by remaining in long-term associations with unrelated, co-breeding females. We find that females that have previously nested together synchronize their reproduction more rapidly than those nesting with unfamiliar partners, which leads to lower competition and higher fledging success. Importantly, although previous experience with a co-breeding female influenced reproductive synchrony, the degree of reproductive synchrony did not influence whether co-breeding females remained together in subsequent years, ruling out the alternate hypothesis that highly synchronized females are simply more likely to remain together. These results indicate that switching groups is costly to females, and that social familiarity improves reproductive coordination. Stable social relationships therefore have significant fitness consequences for cooperatively nesting female birds, suggesting that direct benefits alone may favour the evolution of associations between non-relatives and contribute to long-term group stability.
Introduction
In social animals ranging from guppies to humans, relationships between group members have profound fitness consequences [1, 2] . Studies of group-living mammals, including primates [3] , dolphins [4, 5] , bats [6] and equids [7] , have found that strong and stable social bonds are correlated with increased longevity, offspring survival and immune function (reviewed in [8] ). The disruption of social bonds can also have negative consequences at the group level, because changes in group membership may disrupt cooperative activities such as alloparental care [9, 10] , group hunting [11, 12] , communal territory defense [13] and reciprocal food sharing [14, 15] . This is analogous to the 'newcomer effect' documented in human social groups, in which turnover in membership can hinder group functioning and performance [16, 17] .
In non-human animals, however, efforts to understand the evolutionary pressures shaping group stability are often confounded by genetic relatedness between group members. Since most social groups form as extended families (and individuals often prefer to associate with close relatives) social bonds may be favoured by kin selection rather than by the direct fitness benefits of association (e.g. refs [18] [19] [20] [21] [22] [23] ). In primates and ungulates, disentangling the influence of kinship and social affiliations is additionally confounded by dominance rank, because high-ranking individuals often live with more close kin and have stronger social relationships than do lower-ranking individuals [24, 25] . As a result, surprisingly few studies have demonstrated that stable social relationships between non-kin are adaptive [7, 26] .
In this study, we investigate the long-term fitness consequences of social bonds between unrelated females in the greater ani (Crotophaga major), a cooperatively breeding tropical bird. Anis live in small groups that typically consist of two or three pairs that build a shared nest in which all of the group's females lay their eggs [27] . Pairs are largely genetically monogamous as well as socially monogamous, and all of the adults in the breeding group typically contribute offspring to the mixed clutch [28] . Adults cannot recognize their own eggs or nestlings, and all group members participate in incubation, food delivery and nest defense [29 -30] . Although group members are not genetic relatives [31] , ani breeding groups can be extremely stable over time, lasting over a decade in the wild. Adult anis are long-lived (mark-resighting analyses suggest that adult lifespan averages between 15 and 20 years; C.R. and M.J.S. 2010-2018, unpublished data), and behavioural evidence suggests strong social bonds between same and opposite-sex group members as well as between mates [32] . On average, social groups remain together for approximately 3.5 years (range 1-11 years), indicating that most females change groups at least once in their lifetimes, and probably 2-3 times. Groups remain on the breeding territory year-round, continuing to roost, forage and display together throughout the non-breeding season [27] .
Previous research on our study population in Panama has found that group nesting is favoured by the direct fitness benefits of cooperative nest defense. Larger groups are more likely to acquire and defend safe, high-quality nesting territories that are inaccessible to terrestrial nest predators such as snakes and monkeys, and they are better able to directly defend eggs and nestlings against predation attempts [31, 33] . Single pairs rarely attempt to nest alone, and have never been observed to successfully raise young [31] . However, group nesting also has significant fitness costs. At the beginning of the laying period, the first egg to be laid in the communal nest is always removed by another female in the group-a female who, by definition, has not yet started laying. Each female stops removing eggs from the nest once she has laid her own first egg, presumably to avoid destroying her own, so eggs can only accumulate in the communal clutch once all of the groups' females have started laying (figure 1). This rule of thumb-remove eggs before laying, then accept eggs after laying-leads to predictable patterns of egg loss. The first female to start laying always loses at least one egg, and sometimes several; whereas the lastlaying female never loses any [31, 34] . The number of eggs lost by early-laying females therefore depends on two factors: the number of breeding females in the group, and their degree of reproductive synchrony [34, 35] .
In this paper, we use 11 years of data from our long-term study population of greater anis in Panama to investigate correlations between social group stability, reproductive synchrony and individual fitness. Uniquely, this longitudinal dataset allows us to explore the effects of social affiliations while controlling for the potential confounds of age, experience and territory quality. Although groups contain both males and females (and both sexes may remain in the same group for many years [32] ), we focus our analyses on females. Not only are the competitive costs of communal nesting borne largely by females [36, 37] , but we also possess more data on individual female reproductive histories, allowing stronger inferences regarding the selective pressures shaping female fitness. We test the hypotheses that females that have previously nested together will exhibit higher reproductive synchrony and lower competition than females nesting together for the first time. We predict that females nesting with familiar partners should have higher reproductive success (lose fewer eggs to intra-group competition and produce more offspring) than those nesting with unfamiliar partners. However, this correlation could also emerge if more highly synchronized females are simply more likely to remain in the same group over time, such that synchrony is the cause of stability rather than the effect. To eliminate this possibility, therefore, we also test whether reproductive synchrony in one year influences the likelihood that female group members remain together in the subsequent year.
Material and methods (a) Data collection
We collected data on group membership and reproductive output from a genotyped study population of greater anis in the Barro Colorado Nature Monument, Panama (9.154542, 279.845540). Greater anis are large (150 -200 g) tropical cuckoos that inhabit forested waterways from central Panama to northern South America; they are obligately communal and build nests in emergent vegetation along lake and river edges, or in tree branches overhanging the water. Between 40 and 60 communal ani nests were located and monitored each year between 2007 and 2017, representing greater than 90% of nesting attempts within the study area [28] . Monitoring protocols for this longterm project are available in [27 -32] . Briefly, nests were checked daily prior to laying and during the laying period, every 2 -3 days during the 12-day incubation period, and daily during the first 6 days of the nestling period to determine daily predation rates and individual reproductive output. Eggs were individually numbered in the order in which they were laid, genetically sampled for egg maternity (see below), and recorded as ejected by other group members, depredated, infertile or hatched [27] . Initiation date was considered to be the ordinal date on which the first egg was laid in the communal nest, and the time required to synchronize reproduction was considered to be the number of days elapsed between the onset of laying for the first and last female in the nesting group. Laying period was recorded as the number of days from the laying of the first egg until the onset of incubation; this varied across groups as a function of synchronization time and clutch size. Incubation period was 12 days for all nests [27] , and nestling period was considered to be 6 days, the age at which nestlings are capable of leaving the nest. Previous studies have shown that the location of the nest site is an important determinant of nest success (nests in shoreline vegetation are at an increased risk of depredation compared with nests in emergent vegetation that is completely surrounded by water [31] ), so nest-site quality was recorded as a binary variable (0 ¼ shoreline, 1 ¼ emergent) and included as a potential predictor variable in initial analyses.
(b) Genetic analyses
Group member identity was assigned by using both observational data of colour-banded females ( primarily from 2007 -2011) and genetic identification of egg maternity ( primarily from [2009] [2010] [2011] [2012] [2013] [2014] [2015] [2016] [2017] . In cases where adult females were not colour-banded, we used maternal genotypes from eggs to determine whether a female was part of the same social group in consecutive years. Genomic DNA was extracted from blood Maternal genomic DNA was non-destructively sampled from freshly laid eggs and destructively sampled from the membranes of ejected eggs [38, 39] . DNA was extracted from eggshell membranes with Omega Bio-Tek EZNA. Forensic DNA kits using the manufacturer's protocols, and maternal identity of eggs and nestlings was cross-validated using techniques described in [39] . Each individual was genotyped using a set of 12 highly polymorphic microsatellite markers developed for this species [40] . The measured typing error rate was 0.7%.
(c) Statistical analyses
We constructed models to identify factors predicting: (1) the degree of reproductive synchrony between co-breeding females in a group, measured as the number of days required for all females in a group to begin laying; (2) the number of eggs lost by early-laying females to ejection by other group members (a direct correlate of the time required to synchronize reproduction; (3) daily survival rates of nests (the daily probability that a nest would escape destruction by a predator); and (4) the probability that a group would lay a second clutch if the first clutch was depredated. The goal of these models was to ask whether the overall stability of the social group and/or the duration of social bonds within groups influenced the reproductive output of individual females. Group identity was included as a random effect in all models to account for repeated measures across years. For all analyses, best-fit models were selected using a 'bestsubsets' approach, in which initial models included all terms and were compared with all possible models using subsets of the terms. Models were evaluated with Akaike's information criterion corrected for finite sample size (AIC c ) [41] . Models within two AIC c units of the top model (DAIC c ¼ 0) were candidates of potential explanatory value; however, models within two AIC c units of the top model that differed from a higher-ranking model by the addition of one parameter were rejected as uninformative, as recommended by Arnold [42] . Full model results and overall significance tests for models are presented in electronic supplementary material; inferences from models were made only when the overall model was significant. Analyses were conducted in STATA 14.
We first constructed separate sets of generalized linear mixed models with degree of reproductive synchrony and number of eggs lost as response variables, and 10 candidate predictors: number of females in the nesting group, standardized initiation date, age of first-laying female, age of second-laying female, age of third-laying female, age of oldest female, mean female age within the nesting group, nest-site type (emergent versus shoreline vegetation), group stability and duration of social bonds. Group stability was a binary variable (reflecting only whether co-breeding females had previously nested together), whereas duration of social bonds was a continuous variable (the number of years over which co-breeding females had nested together). Top candidate models and model selection process is shown in electronic supplementary material, tables S1 -S2.
We used logistic exposure models [43] to estimate daily survival and mortality probabilities of nests for each period of the nesting cycle (laying, incubation and nestling) using group size, initiation date, territory quality and group stability as predictors. Cumulative survival probabilities for each period were then estimated by raising model-averaged daily survival probabilities to an exponent equal to the length of each period. Finally, we used mixed-effects logistic regression models to predict the binary probability that a group would lay a second clutch of eggs following depredation (using a subset of data for groups whose first clutch was depredated; n ¼ 138 attempts). The same set of 10 candidate predictors (number of females in the nesting group, standardized initiation date, age of firstlaying female, age of second-laying female, age of third-laying female, age of oldest female, mean female age within the nesting group, nest-site type (emergent versus shoreline vegetation), group stability and duration of social bonds) were used in initial models and final best-fit models were chosen using AIC c .
Results (a) Duration of social relationships
We monitored 233 nesting attempts by 90 communally breeding groups of greater anis over 11 years (2007 -2017) in a study population in central Panama. The dataset included 209 females for whom we obtained 1-11 years of reproductive data per individual (mean + s.d. ¼ 3.96 + 2.94), for a total of 765 female-years. Breeding groups were composed of either two (n ¼ 194, 83%) or three (n ¼ 39, 17%) socially monogamous pairs. Social bond duration (defined as the number of years over which there were no transitions in group membership, such that no females joined or left the nesting group) ranged from 1 to 11 years and followed a negative binomial distribution: the majority of nesting groups (62%) experienced a change in group membership after 1 year, but a significant minority of nesting groups remained stable for multiple years (31% of groups experienced no change in membership for 2-5 years, and 7% of groups experienced no change in membership for 6-11 years). However, our measures of the duration of social bonds are underestimates, because observations began on pre-existing groups (already together for an unknown duration), and because groups may persist for longer than the study period. Therefore, we used both social bond duration and the more accurate measure of year-to-year stability (whether a group experienced a change in group membership from year n to year n þ 1) as predictor variables in subsequent analyses. Of 62 groups for which we had two or more consecutive years of data on group membership at the same nesting site (n ¼ 207 group-years), we observed 95 instances in which a transition occurred between consecutive years, and 112 instances in which no transitions in group membership occurred between consecutive years. Dyadic relatedness between co-breeding females was not significantly different from background genetic relatedness in the population, indicating a lack of kin structure (data for (b) Group stability predicts reproductive synchrony
The time needed to synchronize reproduction, measured as the number of days elapsed between the onset of laying for the first and last female in the nesting group, ranged from 1 to 20 days and was longer in three-female groups than in two-female groups (three-female groups: n ¼ 39, mean + s.e. ¼ 7.57 + 0.76; two-female groups: n ¼ 195, mean + s.e. ¼ 3.99 + 0.21). Controlling for the significant effect of group size, females that had previously nested together were more highly synchronized in their reproduction than those that had never before nested together (table 1, figure 2 ). On average, two-female groups in which the females had nested together the previous year synchronized their laying 3.34 (+0.21) days more rapidly than those in which the females had not previously nested together. Three-female groups in which all three females had nested together the previous year synchronized their laying 4.32 (+0.8) days more rapidly than those groups that had experienced a transition in group membership (at least one female had joined or left the group since the previous year).
Since the last-laying female in each communal group removes the eggs of early-laying females until she lays her own first egg, the number of eggs lost to intra-group competition was positively correlated with the number of days that elapsed between the onset of laying for the first and last female in the group (F 1,209 ¼ 534.5, R 2 ¼ 0.72, p , 0.0001). Using the number of eggs lost by early-laying females as a response variable (rather than the number of days needed to synchronize reproduction) resulted in qualitatively identical results, with both group size and transitions in group membership emerging as significant predictors (table 2) . In two-pair groups, a transition in group membership resulted in the first-laying female losing an additional 1.27 (+0.08) eggs to competition (relative to two-pair groups with no change in membership). In three-pair groups, a transition in group membership resulted in the first-laying female losing an additional 1.50 (+0.48) eggs to competition (relative to three-pair groups with no change in membership). For both reproductive synchrony and egg loss, group stability was a significant predictor only when it was coded as a binary variable (0 ¼ no transition in group membership from the prior year, 1 ¼ at least one transition in group membership from the prior year). Neither response variable was affected by the number of years that co-breeding females had nested together: The length of the partnership (measured as the number of years without a transition in group membership) was not a significant predictor in either model, and was dropped from the final best-fit models. Initiation date, female age, mean age of group members, territory quality and the difference in ages among females in the nesting group were all included in initial models, but all except the first two were dropped from final best-fit models. Initiation date (ordinal date of the first egg laid in the nest, standardized by year) and the age of the last-laying female were both retained in the final best-fit models because inclusion of these variables significantly improved model fit, but neither predictor was significant (tables 1 and 2; electronic supplementary material, tables S1 -S2).
Finally, we tested whether reproductive synchrony in one year predicted the likelihood that group membership would remain stable in the subsequent year, in order to test the possibility that more highly synchronized females were a priori more likely to remain in the same social group (which could also cause a correlation between synchrony and group stability). For a subset of nests for which we had two or more consecutive years of data on group membership (n ¼ 92), we found no significant difference in reproductive synchrony between those that subsequently experienced a transition in group membership (n ¼ 35, mean + s.e. ¼ 4.85 + 0.76 days) and those that remained stable (n ¼ 57, 4.66 + 0.39 days; t 91 ¼ 20.25, p ¼ 0.81). In other words, previous experience with a co-breeding female influenced reproductive synchrony, but the degree of reproductive synchrony did not influence whether co-breeding females remained together in subsequent years.
(c) Reproductive synchrony decreases cumulative predation risk figure 3 ). However, this effect was due solely to higher reproductive synchrony in stable groups (see above), which decreased the total number of days during which the nest was exposed to predation. There were no significant differences in daily survival rate between stable and unstable groups at any stage during the nesting cycle (laying: p ¼ 0.24; incubation: p ¼ 0.33; nestling: p ¼ 0.83; table 3); but the cumulative survival rate across the entire nesting cycle was higher for stable groups because the laying period was significantly shorter (table 3, figure 3 ).
(d) Group member age and group stability predict likelihood of re-nesting
Approximately 18% of groups laid a second clutch of eggs if their first clutch was depredated (n ¼ 25 of 138 groups). Both age and group stability were significant predictors of the probability that the group would lay a second clutch if the first clutch of young was depredated (table 4) . In this case, the duration of social bonds (the number of years that female group members had nested together) was a better predictor of re-nesting than the simple binary measure of group stability (whether or not group membership had changed because the previous year). The binary measure of group stability was not a significant predictor when the duration of social bonds was included in the model, and it was dropped from the best-fit model (electronic supplementary material, of social group stability were retained as candidate predictors because collinearity between these two variables was not severe (variance inflation factor ¼ 1.67) and both were identified as significant predictors in the best-fit model, indicating that group stability affects re-nesting probability even when age is controlled for (table 4).
Discussion
Recent studies have provided ample evidence that stable social relationships affect the fitness of members of cooperative groups, but the vast majority of this work has been done on mammals that live in kin-based societies [18 -26] . Here we find that familiarity between unrelated co-breeding female birds is a key predictor of their reproductive synchrony, significantly affecting the competitive costs associated with communal nesting as well as the cumulative predation risk for the shared nest. Importantly, our data demonstrate that social bond stability predicts reproductive synchrony, but not vice versa. We were therefore able to rule out the alternative hypothesis that co-breeding females who are more highly reproductively synchronized-due to age, physiological similarities or other reasons unrelated to social experience-are simply more likely to remain together for subsequent years, leading to group stability as a byproduct of compatibility. Females who had previously nested together were also more likely to re-nest after clutch Figure 2 . Differences in the time needed to synchronize laying for communally breeding female anis, with respect to group size (two versus three females in the breeding group) and stability (stable ¼ all females nested together the previous year; unstable ¼ at least one female joined or left the breeding group since the previous year). The time needed to synchronize laying is given as the number of days elapsed between the onset of laying for the first and last female in the nesting group. Boxes represent model-predicted means + s.e.m.; whiskers represent 95% confidence intervals (n ¼ 170 two-female groups and 37 three-female groups). Table 1 . Predictors of reproductive synchrony. Results of best-fit generalized linear mixed models predicting reproductive synchrony between females in communally nesting groups of greater anis, with ejection period (number of days elapsed between onset of laying for first and last-laying females) and number of eggs ejected as response variables. Initiation date was standardized relative to the mean for all nests in a given year, and stability was coded as a binary variable (0 ¼ all female group members were present in the same group in the prior year, 1 ¼ at least one female joined or left the group since the prior year). Italicized values are statistically significant at p , 0.0001. failure, increasing the probability of successful reproduction. Taken together, these data suggest that social group stability affects individual fitness in a variety of ways, primarily by influencing coordination and timing of reproduction. Correlations between social familiarity and reproductive synchrony have also been reported in some communally breeding mammals, including bats [44] , mice [45] and voles [46] . As in greater anis, the adaptive benefits of synchronized reproduction in these taxa include efficient communal brood care and reduced predation risk [44] [45] [46] . However, the proximate mechanisms by which social experience affects reproductive synchrony may differ in birds and mammals. Whereas chemical cues have been proposed to be a primary mediator of reproductive synchrony in mammals [47] (although see refs [48] [49] ), chemical signalling is relatively rare in birds and is largely restricted to lineages with well-developed olfactory abilities such as seabirds [50] . Instead, the neuroendocrine pathways involved in reproductive physiology appear to be stimulated primarily by visual and/or auditory cues, often in the context of behavioural displays that involve both [51, 52] . In greater anis, reproductive synchrony among females may be mediated in part by stereotyped vocal displays at the communal nest, in which group members gather in a circle and call loudly for several minutes (sometimes referred to as 'rallies' or 'choruses' [27] ). Although the functions of these displays have not been experimentally determined, the fact that displays are most frequently performed before the onset of laying (and sharply diminish in frequency after egg-laying begins [27] ) is consistent with the hypothesis that they play a role in stimulating reproduction and coordinating egg-laying within the social group.
A major limitation of our dataset is that we have little information on the identity of males in social groups. Given that pairs are socially monogamous (and largely genetically monogamous [28] ), and that males also participate in social displays and all aspects of communal brood care, a complete description of social group stability would also include patterns of male transitions among breeding groups and potential fitness consequences of those transitions. Although we lack sufficient information to include males in our analyses of social bond duration, data from colour-banded adults collected in the early years of the project (n ¼ 56 males and 66 females, 2006-2009), as well as genetic analyses of nestling relationships [28] , indicate that male-female pairs often remain together for many years, and that they often join and leave breeding groups together. If mated pair-bonds are Table 2 . Predictors of reproductive synchrony. Results of best-fit generalized linear mixed models predicting reproductive synchrony between females in communally nesting groups of greater anis, with ejection period (number of days elapsed between onset of laying for first and last-laying females) and number of eggs ejected as response variables. Initiation date was standardized relative to the mean for all nests in a given year, and stability was coded as a binary variable (0 ¼ all female group members were present in the same group in the prior year, 1 ¼ at least one female joined or left the group since the prior year). Italicized values are statistically significant at p , 0.0001. generally long-lasting, as these incomplete data suggest, it is possible that observed patterns of female associations are actually representative of both male and female associations. By contrast, if social groups are generally longer-lasting than pair bonds, transitions in membership may be more frequent for males than for females, and might have contributed to the unexplained variance in our dataset.
Conclusion
To our knowledge, this study is the first to show that the stability and duration of social affiliations have direct fitness consequences in a cooperatively breeding bird. This suggests that the affiliations themselves are shaped by natural selection, and are not simply by-products of kin structure [53] or fidelity to the group's territory or breeding site [54, 55] .
These results contribute to a growing body of evidence that social bonds have adaptive value in a wide range of groupliving animals, and that the fitness consequences of these interactions must be considered to fully understand the evolution of stable social groups.
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